Many food products undergo processing or contain natural or chemical agents which damage some bacteria. Gram-negative bacteria are generally more resistant than Gram-positives to growth inhibition caused by a variety of agents. Glycine (Gly) exhibits antibacterial action against Gram-positive bacteria (Komagata et al., 1968) . However, its activity is not as strong against Gram-negative bacteria. In a previous study, the additive effect of antimicrobial activity of Gly against Salmonella typhimurium was shown in the presence of ethanol (Et) (Tsutsumi & Lee, 1988) . Hu et al. (1999 Hu et al. ( , 2000 reported that the combination of Gly and Et strongly inhibited the respiratory activity and colony-formability of Escherichia coli. Moreover, the combined use promoted cell injury through the release of succinate dehydrogenase and other UV (A 280 )-absorbing substances from the cell membrane. However, these agents did not cause fatal damage to a strain in which the peripheral proteins of cells were denatured. To date, it has not been clarified whether the growth of cells injured with Gly and Et can be restored. In this study, we investigated the recovery of Gly and Et-injured cells under various nutritional conditions by measuring growth delay and respiratory activity. We also demonstrated that Gly and Et reduce ␤-galactosidase (␤-Gal) induction of an E. coli strain.
Materials and Methods
Microorganisms E. coli IFO3301 was obtained from the Institute for Fermentation, Osaka (Osaka, Japan).
Chemicals Puromycin, chloramphenicol, sodium azide, isopropyl-␤-D-thiogalactopyranoside, ammonium acetyltrimethyl bromide, and o-nitrophenyl-␤-D-galactoside were purchased from Wako Pure Chemicals (Osaka). Other chemicals used were all of analytical grade.
Culture conditions VSHINSKY broth (V-broth: 30 g of glycerol, 6 g of ammonium lactate, 3 g of sodium aspartate, 1 g of dipotassium phosphate, 0.1 g of calcium chloride, 5 g of sodium chloride and 0.3 g of magnesium sulfate heptahydrate in 1000 ml of water, pH 7.0) was the only medium used for cell culture. Fresh cells picked from IFO 802 slant medium were inoculated into 100 ml of V-broth and incubated at 30˚C for 15 h. The pre-culture was mixed with a 9-fold volume of V-broth, and then was grown to an absorbance at 660 nm of 0.3. The suspension was used as cell sample. Cells in our experiments were thereafter cultured at 30˚C.
Determination of the recovery of E.coli cells The recovery of injured cells was assessed according to the previous paper (Hu et al., 1999) . Cell sample of 10 ml culture in an L-shaped test tube was harvested by centrifugation (2000¥g, 10 min). The cells were washed twice with 10 ml of physiological saline solution and resuspended in 10 ml of the same solution. A 2-ml aliquot of the cell suspension was added to 3.3 ml of injury medium containing Gly and/or Et, and sterile water was added to 10 ml. After 3-h exposure to the injury medium, 0.5 ml of the cell suspension was withdrawn and transferred to 9.5 ml of recovery medium. After 30-h incubation, the growth of recovered cells was evaluated by measurement of the turbidity (OD 660 ) of the recovery medium.
Measurement of respiratory activity after recovery One hundred milliliters of cell sample was centrifuged (2000¥g, 10 min) and the harvested cells were suspended in 40 ml of physiological saline solution. The suspension (4 ml) added to 9% (w/v) sodium chloride (0.8 ml) and 3.3 ml of Gly and/or Et solution was filled with sterile water to 10 ml. After incubation for 3 h, the injured cells were harvested by centrifugation (2000¥g, 10 min), and were added to 10 ml of recovery medium. At that time, 20 g/ml of puromycin, 20 g/ml of chloramphenicol or 30 mM of sodium azide was added to the recovery medium. After 12 h-exposure to the recovery medium, the respiratory activity of cells was evaluated using methylene blue (De Wever et al., 1994) . The recovered cell suspension was added to 4 ml of methylene blue solution and 1 ml of liquid paraffin and then was allowed to stand at 40˚C for 15 min to measure absorbance at 660 nm. The methylene blue solution contained 32 mg of methylene blue in 1000 ml of 1/15 M phosphate buffer, pH 7.0.
␤-Galactosidase induction One hundred milliliter of cell sample added to V-broth (900 ml) was incubated at 30˚C until the absorbance was 0.3. The cells harvested by centrifugation (2000¥g, 10 min) were washed twice with 100 ml of 1/15 M phosphate buffer (pH 7.0), then suspended in the same buffer with 10 times the volume of wet weight of the cells. The suspension was added to 0.5 ml of 10 mM isopropyl-␤-D-thiogalactopyranoside and 1.5 ml of Gly and/or Et solution, and the mixture was incubated at 30˚C for 1 h for ␤-Gal induction. For chloramphenicol treatment, the cells harvested by centrifugation (2000¥g,10 min) after ␤-Gal induction, were washed with 2.0 ml of 0.5 mg/ml chloramphenicol. Cells incubated at 30˚C for 3 h after the addition of 1.0 ml of the chloramphenicol solution and 5.5 ml of V-broth were used for the measurement of ␤-Gal activity.
Determination of ␤-Gal activity After ␤-Gal induction, the cell solution was added to 0.5 ml of 0.8 mg/ml ammonium acetyltrimethyl bromide and vigorously agitated for 15 s. The solution then was added to 0.5 ml of 1 mg/ml o-nitrophenyl -␤- D-galactoside and reacted at 30˚C for 5 min. The reaction was terminated by the addition of 0.5 ml of 1 M sodium carbonate and the supernatant obtained by centrifugation (2000¥g, 10 min) was used to measure absorbance at 420 nm. The level of ␤-Gal activity induced without Gly and Et was taken as 100%. o-Nitrophenyl was used as an index of ␤-Gal activity. Figure 1 shows the resuscitation of cells injured by Gly and Et. After 0.39 M Gly (Gly 0.39 ) and 3 M Et (Et 3 ) injury, cells were able to grow in V-broth. Cells injured by Et 3 recovered in V-broth but not in glycerol. Further, the recovery of Et 3 -injured cells was inhibited in the presence of 0.75 M Gly (Gly 0.75 ) and 1 M Et (Et 1 ). Cells injured by Gly 0.39 and Et 3 also did not recover in the presence of Gly 0.1 and Et 0.75 .
Results

Recovery of injured cells
Recovery of respiratory activity of injured cells The recovery of the respiratory activity of cells injured by Gly and/or
Et is shown in Table 1 . The respiratory activity of Gly 0.39 and Et 1 -treated cells was restored in ammonium lactate or glycerol medium. However, in the presence of puromycin, chloramphenicol and sodium azide, injured cells required the organic ingredients of V-broth to recover. Though neither Gly 0.13 nor Et 1 affected the recovery of respiratory activity in V-broth, their combined use inhibited the recovery. A single dose of Et 3 also prevented the respiratory recovery. Table 2 shows the ␤-Gal activity of the strain after Gly and Et treatment. In the absence of isopropyl-␤-thiogalactopyranoside, ␤-Gal was hardly activated at all in control cells. Following treatment A, the ␤-Gal activity of cells was decreased slightly by Gly and Et at concentrations of 0.26 M and 1 M, respectively. Ethanol at 2 M significantly reduced the activity with or without Gly. In treatment B, the cells were incubated in the presence of chloramphenicol after induction. Not only treatment A but also treatment B caused a decrease in ␤-Gal activity after injury.
␤-Galactosidase activity of cells after injury
Discussion
We previously reported that a strain injured by Gly and Et grew on recovery medium (Hu et al., 1999) . The E. coli cells damaged by the combined use of Gly and Et recovered. Therefore, in the present study, the effect of recovery conditions for injured cells was investigated under various nutritional conditions with and without Gly and Et. Recovery of the growth of injured bacteria was delayed by Et and/or Gly. In the presence of both reagents, the injured cells did not recover even in V-broth and were more sensitive to Et than Gly in injury or recovery medium, suggesting that Et disrupted physiological functions more than Gly.
Under high-nutritional conditions containing the organic ingredient in V-broth, the respiratory activity of the cells was restored after Gly and Et-induced injury. Puromycin, chloramphenicol and sodium azide inhibited the respiratory recovery under low-nutritional conditions after injury. Chloramphenicol and sodium azide strongly prevented the recovery of respiratory activity in ammonium lactate or glycerol medium. These antibacterial agents show different bacterostatic actions. The former inhibits transpeptidation after aminoacyl t-RNA synthesis in cells (Mao & Wiegand, 1968) , while the latter inhibits electron transport and H + -ATPase in cells (Noumi et al., 1987) . Considering these results, inhibition of bacterial growth by a combination of Gly and Et would be due to suppression of protein synthesis and respiratory electron transport.
Moreover, Et inhibited the ␤-Gal activity of the strain, with the decrease in activity being affected by the Et concentration. We could not confirm direct inhibition of ␤-Gal induction by the addition of Et. Hence, chloramphenicol treatment was undertaken to prevent the induction of ␤-Gal after injury, suggesting Et caused the inhibition of protein synthesis in injured cells. On the other hand, it was reported that chloramphenicol increased ␤-Gal induction in E. coli K-12 (Walker, 1984 , Bianchi & Baneyx, 1999 , indicating the concentration of antibiotics apparently affects protein synthesis in the cell. In this study, an additive effect of the antibacterial action of Gly and Et was observed on the recovery of bacterial growth. It seems that Et damages cells primarily by inhibiting respiratory activity and protein synthesis. However, we did not elucidate the mode of action of Gly in this study. The antibacterial action of glycine has been believed to inhibit the synthesis of cell wall peptidoglycan (Komagata et al., 1968) , while it was also reported that the inhibition of bacterial growth by glycine is due to inhibition of the catabolic reduction of proline in bacteria (Schwartz et al., 1979) . We are now carrying out research on the antibacterial action of Gly using several agents.
